Background: Utilizing the linear quadratic model and the radiosensitivity index (RSI), we have derived an expression for the genomically adjusted radiation dose (GARD) to model radiation dose effect. We hypothesize GARD is associated with local recurrence and can be used to optimize individual triple negative breast cancer (TNBC) radiation dose. Methods: TN patients from two independent datasets were assessed. The first cohort consisted of 58 patients treated at 5 European centers with breast conservation surgery followed by adjuvant radiotherapy (RT). The second dataset consisted of 55 patients treated with adjuvant radiation therapy. Findings: In cohort 1, multivariable analysis revealed that as a dichotomous variable (HR: 2.5 95% CI 1-7.1; p = .05), GARD was associated with local control. This was confirmed in the second independent dataset where GARD was the only significant factor associated with local control (HR: 4.4 95% CI 1.1-29.5; p = .04). We utilized GARD to calculate an individualized radiation dose for each TN patient in cohort 2 by determining the physical dose required to achieve the GARD target value (GARD ≥ 21). While 7% of patients were optimized with a dose of 30 Gy, 91% of patients would be optimized with 70 Gy. Interpretation: GARD is associated with local control following whole breast or post-mastectomy radiotherapy (RT) in TN patients. By modeling RT dose effect with GARD, we demonstrate that no single dose is optimal for all patients and propose the first dose range to optimize RT at an individual patient level in TNBC.
Introduction
Radiotherapy (RT) is a standard component of breast cancer (BC) management. Although, there are current ongoing studies to determine whether early stage women can safely exclude RT (Clinicaltrials.gov identifier NCT02400190 and NCT01791829) according to low risk biologic subtype, a genomic approach to individualize RT dose has not been employed. Radiation dosing to the breast has been uniformly standardized to 50 Gy with long-term data for bioeffective hypofractionation doses of 40-42.56 Gy in select patients [1] [2] [3] .
We have previously developed and validated the radiation sensitivity index (RSI) as a genomic signature to predict the inherent radiosensitivity of a given tumor [4] [5] [6] [7] [8] [9] [10] [11] . These findings have also been independently validated in patients undergoing breast conserving surgery with or without RT by the group at Lund University [12] . The linear quadratic model is a commonly used metric for radiation oncologists to quantify the biologic effect of radiation dose on various tumor types as well as normal tissue although the model is not patient specific [13, 14] . The linear quadratic model is an equation that considers the total dose of radiation prescribed, the daily dose of radiation, as well as the general sensitivity of the tissue that is being radiated. Since the model is based on the cellular radiation survival curve, our group hypothesized RSI could be integrated into the model using a patient specific α to quantify an individual tumor's unique response to RT. The result was the genomically adjusted radiation dose or GARD, which has been published and validated in independent datasets of BC, glioblastoma, pancreatic cancer, and lung tumors [15] .
GARD is a novel radiation dose prescription paradigm providing the first opportunity to optimize and personalize radiation dose to match an individual tumor's radiosensitivity. GARD has been proposed as the first opportunity for a genomically driven personalized approach in radiation oncology and a research priority for the field [16, 17] . Previously, we assessed GARD for 8271 primary tumor samples in our institution's tissue biorepository and found GARD values were lowest for tumor types traditionally thought to be more radioresistant including glioblastoma and sarcoma and higher for tumor types thought to be more radiosensitive including virally associated cervical cancer as well as oropharyngeal cancer [18] . Importantly, we demonstrated large heterogeneity in GARD values achieved with uniform radiation dose, suggesting the current "one-size-fits all" treatment approach is sub-optimal for a significant proportion of patients.
The primary impact of RT in adjuvant BC management is well known to be locoregional control leading in some percentage of patients to a reduction in distant metastatic events, which over time improves BC specific survival [19] . Based on our previous analysis of GARD in BC, the current analysis explores the effect of GARD on local control in adjuvant RT management. Furthermore, we use GARD to calculate an individualized dose for triple negative (TN) patients in two independent cohorts.
Materials and methods

Cohort 1 patients
The presented data includes 343 BC patients treated at four Dutch centers (Netherlands Cancer Institute, Radboud University Medical Center, Erasmus Medical Center, and Ziekenyhuis Amstelland) and one French center (Institut Curie, Paris, France) [20] . Data from these 343 patients was originally compiled to develop a model for local recurrence following breast conservation surgery. In doing so, the dataset overrepresents the number of local failures that would be found in a random population. The overall local recurrence rate in this cohort is 34.7%. Patients included premenopausal women with invasive primary breast carcinoma diagnosed before age 50 years and without a prior history of malignancy. Patients were treated from January 1984 to November 2002 with breast-conserving surgery. Either an axillary dissection or sentinel node procedure and postoperative radiation to the breast with or without regional lymphatic coverage was employed. Median follow-up for all patients was 10 years. A total of 58 patients were identified as triple negative and used for the cohort 1 analysis.
Tissue processing, RNA isolation, and quality assurance details have been previously published [20] . RNA was hybridized to Illumina Human Whole Genome, version 3.0 arrays. Normalized data (variance stabilization transformation and robust spline normalization in the Lumi Bioconductor package as described by the authors of the data set) was downloaded from Gene Expression Omnibus (GSE30682) and used for the present study.
Cohort 2 patients
Patients were identified from the IRB-approved Total Cancer Care (TCC) prospective observational protocol at Moffitt Cancer Center [18] . Data from a total of 643 primary breast tumors with available receptor status and genomic profiling were retrospectively identified. Patients were treated at Moffitt Cancer Center and two surrounding community hospitals. Patients ranged in age from 24 to 95 and underwent primary
Research in context
Evidence before this study A critical question in radiation oncology is how to shift from the current one-size-fits-all treatment paradigm to one that is biology-based and personalized. To that end, we recently developed the genomic adjusted radiation dose (GARD), which allows the customization of radiotherapy dose to match the individual genomic features of a given tumor. We hypothesize GARD can be utilized to individualize radiotherapy dosing in breast cancer.
Added value of this study
We demonstrate GARD is associated with local recurrence risk in two independent datasets of triple negative patients. We then utilized GARD to calculate an individualized radiation dose by determining the physical dose required to achieve the GARD target value.
Implications
We demonstrate the first personalized radiotherapy dose range for triple negative breast cancer. We propose GARD as a potential means to genomically tailor and personalize radiotherapy dose for triple negative breast cancer. surgery either with TNBC negative tumors with available genomic profiling were identified with a total of 55 receiving adjuvant RT and used for the GARD analysis. Follow-up for the 55 TN patients was a median of 8.4 (0.5-17.2 years). RNA preparation and gene expression profiling methods have been described previously [15] . Briefly, gene expression values for the samples in this study were extracted from the TCC database. These expression values were normalized against a median sample using the previously reported iterative rank order normalization method [21] . An RNA-quality related batch-effect was identified in the resulting normalized data, which was removed by training a partial least squares (PLS) model [22] to the RNA integrity number (RIN), and then subtracting the first partial least squares component.
Radiosensitivity signature
The previously tested 10 gene assay was run on tissue samples ranked according to gene expression. RSI was calculated using the previously published ranked based algorithm [4, 9] .
Each of the 10 genes in the assay was ranked according to gene expression [from the highest [10] to the lowest expressed gene [1] ]. RSI was determined using the previously published ranked based linear algorithm: RSI = −0.0098009*AR + 0.0128283*cJun + 0.0254552*STAT1 − 0.0017589*PKC − 0.0038171*RelA + 0.1070213*cABL − 0.0002509*SUMO1 − 0.0092431*PAK2 − 0.0204469*HDAC1 −0.0441683* IRF1
Genomically adjusted radiation dose
Methods and formulation of GARD have been previously described [15] . Briefly, GARD scores were derived using the linear quadratic model, the individual gene-expression-based RSI, and the radiation dose and fractionation schedule for each patient. The calculation for GARD is similar to the biologically effective dose, except the patient-specific α is derived by substituting the radiosensitivity index for survival (S) in S = e -nd(α+βd) , where dose (d) is 2 Gy, n = 1, and β is a constant (0.05/Gy) [23] . The equation for the patient specific α thus becomes α = (−0.5lnRSI) -0.1. A higher GARD value predicts a higher radiation therapeutic effect. We calculated GARD using a script written into Excel. The final GARD formula is GARD = nd(α + βd). GARD was modeled for the whole breast radiation dose or chest wall dose, since this is known to have a larger impact on local control than the lumpectomy cavity or chest wall scar boost [24, 25] and not all patients received a boost in these cohorts.
Statistical analysis
Statistical analyses were carried out using JMP 13 (SAS Institute Inc., Cary, NC). To test differences between cohorts, the Kruskal-Wallis and Pearsons tests were used when appropriate. The local control rate was calculated using the Kaplan-Meier (KM) method, with the log-rank test used to test differences. The Cox proportional hazard model analyses were carried out using univariable analysis (UVA) and multivariable (MVA) analysis. Variables that showed significant effects on UVA (p b .1) were included in the MVA. 
Results
Cohort 1
Patient characteristics
Patients were separated into TN and non-TN cohorts with details included in Table 1 . A total of 58 patients were identified as TN and were used in the cohort 1 analysis. Median breast radiation dose was 50 Gy in both cohorts (p = .96). There were no differences in T stage, margin status, the presence of pathologically involved nodes, age, or LVSI. Differences were noted in the number of patients receiving adjuvant chemotherapy (p = .005), grade (p b .001), DCIS (p = .007), and the median RSI (p = .02).
Local control analysis
The UVA for local control is detailed in Table 2 . Factors associated with local control on UVA in the TN cohort included the presence of LVSI (p = .04) and GARD as both a continuous variable (HR: 0.92 95% CI 0.84-0.99; p = .04) and a dichotomous variable at the median b 23.2 vs. ≥23.2 (HR: 2.7 95% CI 1.1-7.7; p = .03). The 5-year local control rates for GARD ≥23.2 vs. GARD b 23.2 were 79% and 55%, p = .03 ( Fig. 1 ). MVA demonstrated that as a dichotomous variable (HR: 2.5 95% CI 1-7.1; p = .05), GARD continued to be associated with local recurrence (Table 3 ).
Cohort 2 analysis
Patient characteristics for TN and non-TN patients in cohort 2 are detailed in Table 4 . A total of 98 patients were identified as TN. The 55 TN patients that received radiation served as the basis of the cohort 2 analysis. The only factor found to be associated with local recurrence in this cohort was GARD dichotomized at the median whole breast/chest wall dose, GARD b 21 vs. ≥21 (HR: 4.4 95% CI 1.1-29.5; p = .04), Table 5 . The 5-year KM local control rates for GARD ≥ 21 vs. GARD b 21 were 96% and 71%, p = .04 (Fig. 2 ).
Utilizing GARD to tailor RT dose in TN patients
Since GARD was significant for local control and is a clinically actionable metric, we utilized GARD to calculate an individualized RT dose for each TN patient in cohort 2. In this approach, we determined the minimum radiation dose required for each patient to achieve a GARD high ≥ 21, using standard 2 Gy fractionation. In Fig. 3 , we model the percentage of patients achieving the target GARD value in the dose range of 30 Gy -70 Gy. Our model demonstrates that at uniform dosing of 30 Gy, the GARD of 7% of patients is optimized which increases to 40% at 40 Gy. The number of patients optimized rises sharply to 78% at 60 Gy. In addition, our model estimates a uniform dose of 70 Gy would optimize GARD for 91% of patients.
Discussion
In this manuscript, we detail outcomes using a previously developed and validated personalized radiation metric, GARD, assessing its association with local control following adjuvant RT in BC management for TN patients. In addition, we demonstrate an approach to individualized physical dose optimization for TN patients using GARD and local control as a primary endpoint. The primary outcomes of our analysis reveal GARD was a significant predictor of local control in TN patients in two independent cohorts. In addition, we demonstrate GARD can be utilized to personalize radiation dose based on individual patient tumor biology. Prospective randomized trials have demonstrated no change in local recurrence with uniform dose escalation beyond 66 Gy [24] . Our data is consistent with these observations as cumulative optimized GARD increases from 50% at 50 Gy to 81% at 66 Gy. This suggests further dose escalation above 66 Gy in unselected populations is unlikely to result in improvement in local control, consistent with current BC management.
Efforts are currently underway to omit radiation treatment to the breast in select women who are at sufficiently low risk of local recurrence, based on several large, prospective trials that have revealed the feasibility of this approach in subsets of patients based on age [26, 27] . Numerous institutions are currently assessing the feasibility of RT exclusion in luminal A tumors. The University of Michigan has initiated the IDEA trial (NCT02400190), a multi-institutional trial in which women between 50 and 69 years with luminal A early stage tumors with an Oncotype DX score ≤ 18 will receive hormonal therapy alone. Other trials assessing omission of breast RT include the LUMINA study from the Ontario Clinical Oncology Group (NCT01791829), a study of women ≥ 55 years with T1 luminal A tumors receiving endocrine therapy alone. Finally, the Dana Farber Cancer Institute has initiated the PRECISION trial for women between 50 and 75 years with tumors measuring ≤2 cm with a low risk PAM-50 profile to receive hormonal therapy alone. However, a true genomic approach to personalize RT dose has not been undertaken in the prospective setting. Several genomic signatures have shown promise in identifying patients most likely to benefit from adjuvant RT. This includes a sevengene signature from the Danish Group, which predicted the benefit of postmastectomy RT in patients with high-risk BC in the context of the Danish 82b and 82c trials [28] . The signature was developed from data in 191 patients and validated in 112 patients identifying women with sufficiently low risk of locoregional recurrence in whom there was no benefit of post-mastectomy RT [29, 30] . The University of Michigan developed a radiation sensitivity signature (RSS) using clonogenic survival Fig. 3 . Model for the percentage of triple negative patients in cohort 2 achieving GARD high with doses between 30 and 70 Gy. assays across BC cell lines. The RSS was refined to 51 genes and validated in two independent datasets outperforming all clinical and pathologic features. The signature identified patients that would benefit from adjuvant RT [31] .
However, while these efforts are critically important to more efficiently identify patients requiring RT, they assume radiation dose protocols have already been optimized at the individual patient level. In contrast, the GARD model provides a quantitative and clinicallyactionable approach to account for individual differences in the radiosensitivity of a tumor by adjusting the physical dose delivered. We have previously developed RSI as a gene expression-based signature to predict the radiosensitivity of tumors treated with RT. We have shown RSI to be prognostic in several independent disease sets of patients treated with BC RT with clinical endpoints of recurrence free survival and distant metastases free survival [5] . In addition, we previously conducted an analysis with cohort 1 utilizing RSI [10] . Finally, RSI has been validated in multiple independent datasets across nine different disease sites in over 2000 patients [4] [5] [6] [7] [8] [9] [10] .
The analysis identified cutpoints across the median GARD value to be a significant predictor of local control in TN patients. In both datasets, this was selected as the median GARD for the whole breast/chest wall dose delivered. There was an expected difference in these cutpoints for the two cohorts signifying the higher rate of local failures in cohort 1. We modeled the radiation dose necessary in order to achieve an optimized GARD in cohort 2. In this new paradigm, rather than prescribing a uniform dose of RT, we propose using a biologically informed and clinically validated prescription paradigm to adjust the dose for each patient until the GARD value is met. Interestingly, the shape of the curve is sigmoidal, a relationship predicted by tumor control probability models [32] . Our analyses provide the first proposed range for optimal RT dose at an individual patient level in TNBC and proposes a significant number of patients can be treated with lower doses of RT while still maintaining high levels of local control.
We propose the current analysis in TN patients to be the first means of delivering a personalized radiation dose based on inherent tumor radiosensitivity. A proposed actionable clinical trial may be to escalate dose in TN patients found to have an RSI that is radioresistant to a dose of radiation found to optimize GARD within safe limits [33] . Using our calculations, this would mean patients with an RSI above 0.43 up to 0.49 in cohort 2 would benefit from dose escalation beyond 50 Gy to 60 Gy, comprising 29% of cohort 2. Further dose escalation would be beneficial to 70 Gy for patients with an RSI up to 0.55 comprising a smaller percentage of patients 13% in our cohort. As we can see, this model shows that certain patients may benefit from dose escalation placing them at an acceptable risk of increased toxicity as well as a lengthened treatment course. However, this is not the majority of the cohort. Thus, through the GARD method of dose optimization, we identify appropriate TN patients for dose escalation.
We have previously shown RSI to be strongly correlated with immunogenicity of different tumor types by using the previously developed 12-chemokine (12-CK) signature for immune activation and inflammation, which has been shown to identify tertiary extra-nodal lymph node like structures within tumors [34] . In an analysis of over 10,000 unique solid tumor tissue samples, we demonstrated a significant correlation between RSI and 12-CK signatures indicating radiation sensitivity to be correlated to immunogenicity across tumor types including BC. Several of the 10 hub genes in RSI have known functions in the immune microenvironment [4] including STAT1 and IRF1. Furthermore, TN tumors are known to have the highest proportion of tumor-infiltrating lymphocytes (TILs) of the breast subtypes according to a systematic review [35] . A study from Ali et al. applying the gene expression-based CIBERSORT deconvolution algorithm to 11,000 breast tumors indicated the relative concentrations of immune cells impacted overall survival in ER-tumors; however, in ER+ tumors survival time did not differ based on the proportion of TILs [36] . In addition, it is well known TN tumors are more aggressive and prone to recurrence with fewer targeted systemic treatment options and thus the impact of radiation may be larger in this cohort of patients [37, 38] . This is consistent with a recent study from the Danish Group assessing patients in the 82b and c studies revealing differing RT therapeutic impact between breast subtypes [39] .
Although current efforts in the adjuvant management of BC focus on using biological subtype to exclude radiation delivery, the current analysis reveals a method by which radiation can be personalized based on the genomic profile of a tumor. GARD proposes a significant number of women can be treated with lower doses than currently utilized while still maintaining the same local control. Similarly, GARD identifies patients that would benefit from dose escalation to improve local control. As we move towards an era of oncologic personalization, radiation oncologists can consider models such as GARD to tailor RT dose.
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